The stress-gradient hypothesis (SGH) predicts that some species interactions grade from being more mutualistic under stressful abiotic conditions to more antagonistic or neutral under benign conditions. We extend these predictions in our Stress-GradientAdaptation hypothesis (SGA), positing that as interactions become more mutualistic in stressful environments, fitness benefits of interactors become more aligned and selection should favor greater mutualistic co-adaptation between interacting species. We test our SGA hypothesis using the interaction between teosinte (Zea mays ssp. mexicana) and its rhizosphere soil biota across a climate gradient. In support of predictions stemming from the SGA, we find local adaptation between teosinte and rhizosphere biota at the stressful (cold) end of our climatic gradient but not at the benign (warm) end.
Introduction

1
The nature of biotic interactions is often shaped by the abiotic conditions in which they oc-in mutualistic co-adaptation. In contrast, where abiotic stress does not limit fitness, interac-28 tions between species may become neutral or shift towards antagonism as predicted by the 29 SGH (Bertness and Callaway, 1994) . Antagonism may result in selection to reduce interac-30 tions (e.g. character displacement, Thorpe et al., 2011) , or in asynchronous or oscillating 31 coevolutionary dynamics that may be di cult to detect such as arms-race or Red Queen 32 scenarios(e.g. Van Valen, 1974; Gandon and Michalakis, 2002) . Finally, both theoretical and 33 empirical work (e.g. Parker, 1999; Kawecki and Ebert, 2004) suggest that as the strength of 34 selection on beneficial interactions increases, mutations favoring interaction with local part-35 ners are more likely to fix, resulting in geographic variation in interactions (e.g. Thompson, 36 2005) where mutualistic co-adaptation between interactors increases as one moves from less 37 stressful to more stressful environments (2). This extension of the Stress-Gradient hypoth-38 esis, which we call the Stress-Gradient-Adaptation (SGA) hypothesis, thus predicts both 39 adaptation towards increasing mutualism and greater local co-adaptation in partners from 40 stressful sites.
41
Here, we test predictions of SGA in an investigation of co-adaptation between the wild 42 grass teosinte and its root-associated biota along a climatic gradient. The diverse community 43 of bacteria, nematodes and fungi that live in and near plant roots are collectively known as 44 rhizosphere biota, (Hiltner, 1904; Bais et al., 2006; Raaijmakers et al., 2009; Lundberg et al., Interaction outcome Non-mutant The stress gradient hypothesis (A) predicts ecological stress-ameliorating interactions will be mutualistic at high stress. The SGA hypothesis (B) further suggests increasing mutualistic local co-adaptation at high stress sites.
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Teosinte (Zea mays ssp. mexicana) is an annual grass found in central Mexico (Sánchez 56 and Corral, 1997) and a wild relative of domesticated maize (Zea mays ssp. mays). Both 57 genetic (van Heerwaarden et al., 2011) and phenotypic variation in 58 maize has been shaped by adaptation along elevational gradients. Cold stress inhibits water 59 and nutrient uptake in maize (Bloom et al., 2004; Farooq et al., 2009 ) and is likely a driving 60 factor in adaptation to highland conditions (Duncan and Hesketh, 1968; Mercer et al., 2008; 61 Skarbø and VanderMolen, 2015) . Elevational and temperature gradients have also played 62 an important role in adaptation in teosinte (Bradburd et al., 2013; Pyhäjärvi et al., 2013), 63 and phenotypic di↵erences between high and low elevation populations are thought to be 64 adaptations to cold (Doebley, 1984; Lauter, 2004) .
Because cold stress in maize can be alleviated by interactions with rhizosphere biota (Zhu 
72
Methods
73
Field Collections
74
We collected teosinte and rhizosphere materials from 10 populations along a cline spanning 75 6.6 C in mean annual temperature (MAT) and more than 1100 meters in elevation (Table   76 S1), representing the full elevational range of teosinte. Climatic information from each site 77 was obtained from Bioclim (Hijmans et al., 2005) and extracted using the package raster 78 (Hijmans, 2015) in R (R Core Team, 2014) . At high elevation, temperatures become cooler, 
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94
Experiment
95
In May of 2014, seeds from each teosinte population were grown in each of six inoculum 96 treatments: no inoculum, sympatric inoculum (collected from same site), and inocula from 97 four sites spanning the climatic range (see Figure S1 ). Each teosinte population thus ex-98 perienced biota originating from both its home site and biota originating from both warm 99 allopatric (collected from a di↵erent site than the teosinte) and cold allopatric sites.
100
Biota inocula were applied to sibling seeds from 12 mothers from each of the 10 teosinte The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/031195 doi: bioRxiv preprint first posted online Nov. 11, 2015;  were then filled with sterile potting mix, inoculated with 50 mL of a 4:1 mix of sterile sand and homogenized inocula just below where seeds were to be placed, and topped o↵ with 107 sterile mix, resulting in a small live layer of inocula sandwiched between sterilized soils in 108 each pot. In the no inoculum treatment, sterilized sand replaced homogenized inocula. As 109 only 0.5% of the pot volume is inocula, we expect any non-biotic e↵ects of inocula to be 110 minimal relative to biotic e↵ects. Three seeds from the same maternal plant family were 111 added to pre-watered pots after scarification with overnight soaking, and pots were weeded Table S1 ). Plants were unfertilized and kept moist for Figure S2 ), and thus biomass is a reasonable fitness surrogate in 127 this annual species. We also quantified the expression of stem macrohairs, a trait relevant 128 to fitness in the field that also shows an elevational cline in teosinte (Lauter, 2004 are advantageous only in cold environments Kaur et al., 1985) . Plant 131 9 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/031195 doi: bioRxiv preprint first posted online Nov. 11, 2015;  stem macrohairs were quantified as the number of hairs in 1 cm 2 below the ligule on the 132 edge of the lowest live leaf sheath at harvest. 
Finally, we took an information criterion approach in which we included all other two-and 162 three-way interaction terms of fixed e↵ects. We used model selection to determine which 
171
Because the conditionality of plant-rhizosphere biota interactions is often influenced by 172 soil fertility, we explored the relationship between fertility and MAT across our sites. These 173 analyses revealed weak correlations between MAT and fertility (Table S2 , ⇢ MAT and: N 174 = -0.26, P = 0.41, K = 0.54). Therefore, we also ran similar models to the one above,
175
substituting concentrations of N, P, and K from source sites of inocula and plants in lieu of
176
MAT variables. In all cases, for both stem macrohairs and biomass, models with MAT had 177 better explanatory power than those with any of the nutrient variables (Table S3) , thus we 178 limit our presentation of results to e↵ects of MAT. 
Results
180
Our SGA hypothesis predicted that colder sources of sympatric teosinte and rhizosphere 181 biota would show a greater degree of local co-adaptation in benefits to plants than warmer-182 sourced sympatric plants and biota, and that colder sources of biota would provide more 183 benefits on average.
184
In support of the SGA hypothesis, we found that colder-sourced teosinte received greater 185 benefit from their sympatric biota than warmer-sourced teosinte received from their sym- 
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MAT by sympatry term (T S ⇥ S, Table 1 Table 1 , pMCMC < 0.05, and Figure S4 ).
198
Plant macrohairs, thought to be adaptive in colder environments (Lauter, 2004; Hu↵ord 199 et al., 2013; Kaur et al., 1985) , also showed evidence of greater local adaptation between MAT, and sympatry (T P ⇥ Z, S ⇥ Z, and T S ⇥ S ⇥ Z in Table 1 , all pMCMC <0.1, see
206
Appendix S1 for interpretation).
207
Finally, while the SGA hypothesis predicts that rhizosphere biota from higher-stress cold 208 sites should be better mutualists, we find that warmer-sourced biota stimulated greater 209 growth across all plant populations (Figure 3, Table 1 , pMCMC <0.05). Colder-source biota 210 nonetheless provided benefit compared to uninoculated controls (Table S5) . 14 . (e.g. Daleo and Iribarne, 2009; Dangles et al., 2013) , and by both theory (Johnson, 1993) 220 and empirical results in plant-microbe interactions along soil nutrient 221 gradients.
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222
We present here an extension of the SGH, which we term the stress-gradient adaptation 223 (SGA) hypothesis. SGA posits that selection in stressful sites will act to increase the fre-224 quency of alleles that increase the functionality of a stress-ameliorating mutualism. SGA 225 predicts that organisms in high stress environments will be adapted to interact with local 226 biota and that such organisms should be better mutualists. SGA is related to, but di↵er-227 ent from, other frameworks for predicting adaptation in species interactions. In contrast 228 to models of co-adaptation that are predicated on levels of environmental productivity and 229 biological diversity (Thrall et al., 2007) , SGA predicts selection for increasingly mutualistic 230 phenotypes and increasing local co-adaptation at stressful sites without regard to diversity of 231 partners. For plant-rhizosphere interactions involving nutrient exchange, SGA and economic 232 models (where resources are preferentially allocated to better partners, increasing their fit-233 ness) both predict that selection on microbes in low soil nutrient environments should favor 234 increased benefits provided to plants (Johnson, 1993; Schwartz and Hoeksema, 1998; Werner We tested predictions of our SGA hypothesis using populations of teosinte and its associ-ated rhizosphere biota occurring along a gradient of mean annual temperature and correlated 240 gradients of elevation, seasonality, and precipitation. Consistent with the key expectation of 241 SGA, we find greater local adaptation between colder-sourced biota and teosinte. Colder-242 sourced teosinte benefited more from sympatric colder-sourced biota than allopatric colder-243 sourced biota, while warmer-sourced plant populations did equally well with both sympatric 244 and allopatric warmer-sourced biota.
245
In addition to finding support that teosinte from colder, high-stress environments exhibit elevational cline in populations of teosinte and has been associated 250 with increased maize fitness in cold environments (Kaur et al., 1985) . In other systems, 251 co-control of adaptive traits by plants and soil microbes has also been shown to underlie 252 fitness in stress conditions (e.g. drought Lau and Lennon, 2012) , and rhizosphere biota are 253 known to alter fitness-a↵ecting traits such as flowering time, herbivore defense, pathogen 254 resistance, and morphology (Friesen et al., 2011; Wagner et al., 2014; Tack et al., 2015) .
255
In contrast to our prediction of more mutualistic partners from colder places, however,
256
we found that warmer-sourced biota benefited plants significantly more than colder-sourced 257 biota. It seems unlikely that we have misidentified the primary environmental stress in these 258 populations, as both genetic Bradburd et al., 2013) (Johnson, 1993; Schwartz and Hoeksema, 1998; Kiers and van der Heijden, 2006; Bever, ( (Johnson et al., 2010; Lau and Lennon, 2012) , but see (Kardol et al., 274 2014).
275
Tests of co-adaptation and environmental gradients are still rare for plant-rhizosphere 276 interactions (Hoeksema, 2010) , but limited results to date tend to also support our SGA 277 hypothesis. Variable degrees of local co-adaptation were found for a grass and associated 278 arbuscular mycorrhizal fungi across a nutrient gradient, and the combinations with greater 279 local benefit came from sites where interactions with mutualists would ameliorate the primary 280 plant nutrient stress (Johnson et al., 2010) . Variable e↵ects of local rhizobia are also found in 281 acacia (Barrett et al., 2012) , though the authors did not present any test of sympatric e↵ects 282 across environment of origin. And while in some systems, selection appears to have modified 283 the mutualistic benefits provided by microbes to hosts (and vice versa) in accordance with 284 predictions of SGA (Weese et al., 2015; Johnson et al., 2010) , in others authors have found no 285 evidence of local adaptation with rhizosphere biota across putatively stressful environmental 286 gradients (Kardol et al., 2014) .
287
Our findings of variable local adaptation, though focusing only on benefits to a single for all partners (as in Weese et al., 2015) . However, if benefits between hosts and biota 291 vary by environment, these treatments may miss strongly mutualistic partners that o↵er 292
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295
Finally, our results contribute to a growing body of literature highlighting the importance 296 of biotic interactions in setting limits of species distributions in general (e.g. HilleRisLambers 297 et al., 2013; Afkhami et al., 2014) , even in cold environments (e.g. Brown and Vellend, 2014) 298 where physiology has often been thought to be of greater importance (Brown et al., 1996; 299 Hargreaves et al., 2014) . Emerging evidence supports mutualism-dependent range limits for 
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